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Preface

Biochemistry is a dynamic, rapidly growing
field, and the goal of this color atlas is to
illustrate this fact visually. The precise boun-
daries between biochemistry and related
fields, such as cell biology, anatomy, physiol-
ogy, genetics, and pharmacology, are difficult
to define and, in many cases, arbitrary. This
overlap is not coincidental. The object being
studied is often the same—a nerve cell or a
mitochondrion, for example—and only the
point of view differs.

For a considerable period of its history, bio-
chemistry was strongly influenced by chem-
istry and concentrated on investigating met-
abolic conversions and energy transfers. Ex-
plaining the composition, structure, and me-
tabolism of biologically important molecules
has always been in the foreground. However,
new aspects inherited from biochemistry’s
other parent, the biological sciences, are
now increasingly being added: the relation-
ship between chemical structure and biolog-
ical function, the pathways of information
transfer, observance of the ways in which
biomolecules are spatially and temporally dis-
tributed in cells and organisms, and an aware-
ness of evolution as a biochemical process.
These new aspects of biochemistry are bound
to become more and more important.

Owing to space limitations, we have concen-
trated here on the biochemistry of humans
and mammals, although the biochemistry of
other animals, plants, and microorganisms is
no less interesting. In selecting the material
for this book, we have put the emphasis on
subjects relevant to students of human med-
icine. The main purpose of the atlas is to serve
as an overview and to provide visual informa-
tion quickly and efficiently. Referring to text-
books can easily fill any gaps. For readers
encountering biochemistry for the first time,
some of the plates may look rather complex. It
must be emphasized, therefore, that the atlas
is not intended as a substitute for a compre-
hensive textbook of biochemistry.

As the subject matter is often difficult to vis-
ualize, symbols, models, and other graphic

elements had to be found that make compli-
cated phenomena appear tangible. The
graphics were designed conservatively, the
aim being to avoid illustrations that might
look too spectacular or exaggerated. Our
goal was to achieve a visual and aesthetic
way of representing scientific facts that would
be simple and at the same time effective for
teaching purposes. Use of graphics software
helped to maintain consistency in the use of
shapes, colors, dimensions, and labels, in par-
ticular. Formulae and other repetitive ele-
ments and structures could be handled easily
and precisely with the assistance of the com-
puter.

Color-coding has been used throughout to aid
the reader, and the key to this is given in two
special color plates on the front and rear in-
side covers. For example, in molecular models
each of the more important atoms has a par-
ticular color: gray for carbon, white for hydro-
gen, blue for nitrogen, red for oxygen, and so
on. The different classes of biomolecules are
also distinguished by color: proteins are al-
ways shown in brown tones, carbohydrates in
violet, lipids in yellow, DNA in biue, and RNA
in green. In addition, specific symbols are
used for the important coenzymes, such as
ATP and NAD*. The compartments in which
biochemical processes take place are color-
coded as well. For example, the cytoplasm is
shown in yellow, while the extracellular space
is shaded in blue. Arrows indicating a chem-
ical reaction are always black and those rep-
resenting a transport process are gray.

In terms of the visual clarity of its presenta-
tion, biochemistry has still to catch up with
anatomy and physiology. In this book, we
sometimes use simplified ball-and-stick mod-
els instead of the classical chemical formulae.
In addition, a number of compounds are rep-
resented by space-filling models. In these
cases, we have tried to be as realistic as pos-
sible. The models of small molecules are
based on conformations calculated by com-
puter-based molecular modeling. In illustrat-
ing macromolecules, we used structural infor-
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mation obtained by X-ray crystallography
that is stored in the Protein Data Bank. In
naming enzymes, we have followed the offi-
cial nomenclature recommended by the
IUBMB. For quick identification, EC numbers
(in italics) are included with enzyme names.
To help students assess the relevance of the
material (while preparing for an examination,
for example), we have included symbols on
the text pages next to the section headings to
indicate how important each topic is. A filled
circle stands for “basic knowledge,” a half-
filled circle indicates “standard knowledge,”
and an empty circle stands for “in-depth
knowledge.” Of course, this classification
only reflects our subjective views.

This second edition was carefully revised and
a significant number of new plates were
added to cover new developments.

We are grateful to many readers for their
comments and valuable criticisms during the
preparation of this book. Of course, we would
also welcome further comments and sugges-
tions from our readers.

August 2004

Jan Koolman,
Klaus-Heinrich R6hm
Marburg

Jiirgen Wirth
Darmstadt
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Chemistry 1

Introduction

This paperback atlas is intended for students
of medicine and the biological sciences. It
provides an introduction to biochemistry,
but with its modular structure it can also be
used as a reference book for more detailed
information. The 216 color plates provide
knowledge in the field of biochemistry, ac-
companied by detailed information in the
text on the facing page. The degree of diffi-
culty of the subject-matter is indicated by
symbols in the text:

@ stands for “basic biochemical knowledge”

® indicates “standard biochemical knowl-
edge”

O means “specialist biochemical knowledge.”

Some general rules used in the structure of
the illustrations are summed up in two ex-
planatory plates inside the front and back
covers. Keywords, definitions, explanations
of unfamiliar concepts and chemical formulas
can be found using the index. The book starts
with a few basics in biochemistry (pp.2-33).
There is a brief explanation of the concepts
and principles of chemistry (pp.2-15). These
include the periodic table of the elements.
chemical bonds, the general rules governing
molecular structure, and the structures of im-
portant classes of compounds. Several basic
concepts of physical chemistry are also essen-
tial for an understanding of biochemical
processes. Pages 16-33 therefore discuss the
various forms of energy and their intercon-
version, reaction kinetics and catalysis, the
properties of water, acids and bases, and re-
dox processes.

These basic concepts are followed by a sec-
tion on the structure of the important biomo-
lecules (pp.34-87). This part of the book is
arranged according to the different classes of
metabolites. It discusses carbohydrates, lipids,
amino acids, peptides and proteins, nucleoti-
des, and nucleic acids.

The next part presents the reactions
involved in the interconversion of these
compounds--the part of biochemistry that is
commonly referred to as metabolism
(pp.88-195). The section starts with a dis-
cussion of the enzymes and coenzymes, and
discusses the mechanisms of metabolic regu-
lation and the so-called energy metabolism.
After this, the central metabolic pathways
are presented, once again arranged according
to the class of metabolite (pp.150-~195).

The second half of the book begins with a
discussion of the functional compartments
within the cell, the cellular organelles (pp.
196-235). This is followed on pp.236-265
by the current field of molecular genetics
(molecular biology). A further extensive sec-
tion is devoted to the biochemistry of
individual tissues and organs (pp.266-359).
Here, it has only been possible to focus on the
most important organs and organ systems—
the digestive system, blood, liver, kidneys,
muscles, connective and supportive tissues,
and the brain.

Other topics include the biochemistry of
nutrition (pp.360-369), the structure and
function of important hormones (pp.
370-393), and growth and development
(pp.394-405).

The paperback atlas concludes with a series
of schematic metabolic “charts” (pp.
407-419). These plates, which are not accom-
panied by explanatory text apart from a brief
introduction on p.406, show simplified ver-
sions of the most important synthetic and
degradative pathways. The charts are mainly
intended for reference, but they can also be
used to review previously learned material.
The enzymes catalyzing the various reactions
are only indicated by their EC numbers. Their
names can be found in the systematically ar-
ranged and annotated enzyme list (pp.
420-430).



2 Basics

Periodic table

A. Biologically important elements @

There are 81 stable elements in nature. Fifteen
of these are present in all living things, and a
further 8-10 are only found in particular or-
ganisms. The illustration shows the first hailf
of the periodic table, containing all of the bio-
logically important elements. In addition to
physical and chemical data, it also provides
information about the distribution of the ele-
ments in the living world and their abun-
dance in the human body. The laws of atomic
structure underlying the periodic table are
discussed in chemistry textbooks.

More than 99% of the atoms in animals’
bodies are accounted for by just four ele-
ments—hydrogen (H), oxygen (0), carbon (C)
and nitrogen (N). Hydrogen and oxygen are
the constituents of water, which alone makes
up 60-70% of celi mass (see p.196). Together
with carbon and nitrogen, hydrogen and oxy-
gen are also the major constituents of the
organic compounds on which most living
processes depend. Many biomolecules also
contain sulfur (S) or phosphorus (P). The
ahove macroelements are essential for all or-
ganisms.

A second biologically important group of
elements, which together represent only
about 0.5% of the body mass, are present al-
most exclusively in the form of inorganic ions.
This group includes the alkali metals sodium
(Na) and potassium (K), and the alkaline earth
metals magnesium (Mg} and calcium (Ca). The
halogen chlorine (Cl) is also always ionized in
the cell. All other elements important for life
are present in such small quantities that they
are referred to as trace elements. These in-
clude transition metals such as iron (Fe), zinc
(Zn), copper (Cu), cobalt (Co) and manganese
(Mn). A few nonmetals, such as iodine (I) and
selenium (Se), can also be classed as essential
trace elements.

B. Electron configurations: examples O

The chemical properties of atoms and the
types of bond they form with each other are
determined by their electron shells. The elec-
tron configurations of the elements are there-
fore also shown in Fig. A. Fig. B explains the
symbols and abbreviations used. More de-

tailed discussions of the subject are available
in chemistry textbooks.

The possible states of electrons are called
orbitals. These are indicated by what is
known as the principal quantum number
and by a letter—s, p, or d. The orbitals are
filled one by one as the number of electrons
increases. Each orbital can hold a maximum of
two electrons, which must have oppositely
directed “spins.” Fig. A shows the distribution
of the electrons among the orbitals for each of
the elements. For example, the six electrons of
carbon (B1) occupy the 1s orbital, the 2s orbi-
tal, and two 2p orbitals. A filled 1s orbital has
the same electron configuration as the noble
gas helium (He). This region of the electron
shell of carbon is therefore abbreviated as
“He" in Fig. A. Below this, the numbers of
electrons in each of the other filled orbitals
(2s and 2p in the case of carbon) are shown on
the right margin. For example, the electron
shell of chlorine (B2) consists of that of neon
{Ne) and seven additional electrons in 3s and
3p orbitals. In iron (B3), a transition metal of
the first series, electrons occupy the 4s orbital
even though the 3d orbitals are still partly
empty. Many reactions of the transition met-
als involve empty d orbitals—e. g., redox reac-
tions or the formation of complexes with
bases.

Particularly stable electron arrangements
arise when the outermost shell is fully occu-
pied with eight electrons (the “octet rule”).
This applies, for example, to the noble gases,
as welt as to ions such as €I~ (3523p®) and Na*
(2522p®). It is only in the cases of hydrogen
and helium that two electrons are already
sufficient to fill the outermost 1s orbital.
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4q Basics

Bonds

A. Orbital hybridization and chemical
bonding O

Stable, covalent bonds between nonmetal
atoms are produced when orbitals (see p.2)
of the two atoms form molecular orbitals that
are occupied by one electron from each of the
atoms. Thus, the four bonding electrons of the
carbon atom occupy 2s and 2p atomic orbitals
(1a). The 2s orbital is spherical in shape, while
the three 2p orbitals are shaped like dumb-
bells arranged along the x, y, and z axes. It
might therefore be assumed that carbon
atoms should form at least two different types
of molecular orbital. However, this is not nor-
mally the case. The reason is an effect known
as orbital hybridization. Combination of the s
orbital and the three p orbitals of carbon gives
rise to four equivalent, tetrahedrally arranged
sp* atomic orbitals (sp® hybridization). When
these overlap with the 1s orbitals of H atoms,
four equivalent s-molecular orbitals (1b) are
formed. For this reason, carbon is capable of
forming four bonds—i.e., it has a valency of
four. Single bonds between nonmetal atoms
arise in the same way as the four & or single
bonds in methane (CH,). For example, the
hydrogen phosphate ion (HPO4%") and the
ammonium ion (NH,') are also tetrahedral
in structure (1c).

A second common type of orbital hybrid-
ization involves the 2s orbital and only two of
the three 2p orbitals (2a). This process is
therefore referred to as sp? hybridization.
The result is three equivalent sp hybrid orbi-
tals lying in one plane at an angle of 120° to
one another. The remaining 2py orbital is ori-
ented perpendicular to this plane. In contrast
to their sp® counterparts, sp>-hybridized
atoms form two different types of bond
when they combine into molecular orbitals
(2b). The three sp? orbitals enter into ¢ bonds,
as described above. In addition, the electrons
in the two 2py orbitals, known as n electrons,
combine to give an additional, elongated =
molecular orbital, which is located above
and below the plane of the ¢ bonds. Bonds
of this type are called double bonds. They
consist of a ¢ bond and a = bond, and arise
only when both of the atoms involved are
capable of sp? hybridization. In contrast to
single bonds, double bonds are not freely ro-

tatable, since rotation would distort the =-
molecular orbital. This is why all of the atoms
lie in one plane (2c); in addition, cis-trans
isomerism arises in such cases (see p.8).
Double bonds that are common in biomole-
cules are C=C and C=0. C=N double bonds are
found in aldimines (Schiff bases, see p.178).

B. Resonance O

Many molecules that have several double
bonds are much less reactive than might be
expected. The reason for this is that the
double bonds in these structures cannot be
localized unequivocally. Their = orbitals are
not confined to the space between the dou-
ble-bonded atoms, but form a shared,
extended n-molecular orbital. Structures
with this property are referred to as reso-
nance hybrids, because it is impossible to de-
scribe their actual bonding structure using
standard formulas. One can either use what
are known as resonance structures—i.c.,
idealized configurations in which n electrons
are assigned to specific atoms (cf. pp.32 and
66, for example)—or one can use dashed lines
as in Fig. B to suggest the extent of the delo-
calized orbitals. (Details are discussed in
chemistry textbooks.)

Resonance-stabilized systems include car-
boxylate groups, as in formate; aliphatic hy-
drocarbons with conjugated double bonds,
such as 1,3-butadiene; and the systems known
as aromatic ring systems. The best-known
aromatic compound is benzene, which has
six delocalized = electrons in its ring. Ex-
tended resonance systems with 10 or more =
electrons absorb light within the visible spec-
trum and are therefore colored. This group
includes the aliphatic carotenoids (see
p.132), for example, as well as the heme
group, in which 18 = electrons occupy an ex-
tended molecular orbital (see p.106).
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6 Basics

Molecular structure

The physical and chemical behavior of mole-
cules is largely determined by their constitu-
tion (the type and number of the atoms they
contain and their bonding). Structural formu-
las can therefore be used to predict not only
the chemical reactivity of a molecule, but also
its size and shape, and to some extent its
conformation (the spatial arrangement of
the atoms). Some data providing the basis
for such predictions are summarized here
and on the facing page. In addition, L-dihy-
droxyphenylalanine (L-dopa; see p.352), is
used as an example to show the way in which
molecules are illustrated in this book.

A. Molecule illustrations @

In traditional two-dimensional structural
formulas (A1), atoms are represented as letter
symbols and electron pairs are shown as lines.
Lines between two atomic symbols symbolize
two bonding electrons (see p.4), and all of the
other lines represent free electron pairs, such
as those that occur in O and N atoms. Free
electrons are usually not represented explic-
itly (and this is the convention used in this
book as well). Dashed or continuous circles or
arcs are used to emphasize delocalized elec-
trons.

Ball-and-stick models (A2) are used to illus-
trate the spatial structure of molecules. Atoms
are represented as colored balls (for the color
coding, see the inside front cover) and bonds
(including multiple bonds) as gray cylinders.
Although the relative bond lengths and angles
correspond to actual conditions, the size at
which the atoms are represented is too small
to make the model more comprehensible.

Space-filling van der Waals models (A3) are
useful for illustrating the actual shape and
size of molecules. These models represent
atoms as truncated balls. Their effective ex-
tent is determined by what is known as the
van der Waals radius. This is calculated from
the energetically most favorable distance be-
tween atomns that are not chemically bonded
to one another.

B. Bond lengths and angles O

Atomic radii and distances are now usually
expressed in picometers (pm; 1pm=
1072 m). The old angstrom unit (A,
A =100 pm) is now obsolete. The length of
single bonds approximately corresponds to
the sum of what are known as the covalent
radii of the atoms involved (see inside front
cover). Double bonds are around 10-20%
shorter than single bonds. in sp*-hybridized
atoms, the angle between the individual
bonds is approx. 110° in sp®-hybridized
atoms it is approx. 120°.

C. Bond polarity O

Depending on the position of the element in
the periodic table (see p.2), atoms have
different electronegativity—i.e., a different
tendency to take up extra electrons. The val-
ues given in C2 are on a scale between 2 and 4,
The higher the value, the more electronega-
tive the atom. When two atoms with very
different electronegativities are bound to
one another, the bonding electrons are drawn
toward the more electronegative atom, and
the bond is polarized. The atoms involved
then carry positive or negative partial
charges. In C1, the van der Waals surface is
colored according to the different charge con-
ditions (red = negative, blue = positive). Oxy-
gen is the most strongly electronegative of the
biochemically important elements, with C=0
double bonds being especially highly polar.

D. Hydrogen bonds @

The hydrogen bond, a special type of nonco-
valent bond, is extremely important in bio-
chemistry. In this type of bond, hydrogen
atoms of OH, NH, or SH groups (known as
hydrogen bond donors) interact with free
electrons of acceptor atoms (for example, O,
N, or S). The bonding energies of hydrogen
bonds (10-40 k] - mol™') are much lower
than those of covalent bonds (approx.
400 kJ - mol™"). However, as hydrogen bonds
can be very numerous in proteins and DNA,
they play a key role in the stabilization of
these molecules (see pp.68, 84). The impor-
tance of hydrogen bonds for the properties of
water is discussed on p. 26.
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